Abstract: Near-field intensity enhancement enables laser modification of materials with feature sizes below the classical diffraction limit. However, the need to maintain close distances between the objective element and the substrate typically limit demonstrations of this technology to flat surfaces, even though there are many cases where the ability to produce sub-micron features on rough or structured surfaces are needed. Here, we show the use of a new technique, optical trap assisted nanopatterning (OTAN), for the production of nanoscale features on rippled substrates. The ability to position a microbead near-field objective close to the surface without the need for active feedback and control allows one to continuously move the bead across a rough surface without sticking. Sub-micron patterning of polyimide is demonstrated on surfaces with 1.1 m steps showing good uniformity. Finally, the enabling technology allows for straightforward parallelization where multiple patterns can be created simultaneously over surface.
INTRODUCTION
Advances in nanotechnology require features smaller than 100 nm with the ability to rapidly prototype arbitrary patterns. Optical techniques have many benefits such as speed, and ease of use, however, since the Rayleigh diffraction limit sets the minimum feature size, traditional optical techniques are often abandoned in favor of techniques involving non-linear and near field effects [1] . Optical techniques [2] [3] [4] are capable of producing such structures, but various experimental limitations or technological requirements continue to encourage the development of novel methods with expanded capabilities.
One notable limitation associated with optical nanopatterning is the use of flat substrates to demonstrate system capabilities. In many real-world cases, one requires the ability to produce sub-micron features on non-standard surfaces such as soft materials, those with existing features or those with significant roughness. These cases introduce certain difficulties for probe based techniques as the need for complex feedback mechanisms to maintain the near-field spacing limits performance. Furthermore, structured substrates such as those with existing microscale features or otherwise non-planar surfaces introduce significant challenges to producing uniform features over large areas [5] .
Optical trap assisted nanopatterning (OTAN) has been developed to overcome some of the limitations of other optical nanostructuring approaches by offering the ability to produce sub-micron features without the need for active feedback or control of the near-field element [6] . Moreover, it seeks to be relatively inexpensive, fast, and have the added benefit of parallelization [7] . In this technique, a polystyrene microsphere is used as a near-field focusing objective to concentrate the radiation from the processing laser onto a small area on the surface of a substrate [8, 9] . We employ a Bessel beam optical trap [10] to position the microspheres near the surface. The diffractionless behavior of this type of optical trap enables confinement in the x-y directions while maintaining a constant scattering force in the z-direction over large distances. As the dielectric sphere approaches the substrate, it encounters a repulsion force that serves to balance the optical scattering force [11, 12] . The end result is that the bead will attain an equilibrium position that is independent of large scale features on the surface [13] . This self-positioning effect enables the bead to maintain a constant distance from the surface without the need for additional or active feedback. Nanopatterning is accomplished with a second, pulsed ultraviolet, laser that is focused by the microsphere on the substrate below [6, 7] .
In this paper, we examine the implications of self-positioning associated with OTAN to produce nanoscale features on rough, patterned surfaces of polyimide. Features as high as 1.1 microns are created on the surface and an optically trapped bead is manipulated over the structures without changing its relative position. We demonstrate the fabrication of uniform submicron features across these steps and the potential for parallelization on rough surfaces. Figure 1 shows the experimental set-up for the OTAN process. Structured polyimide substrates are prepared by molding. A Silicon wafer is patterned with 10 µm pitch lines and etched to a depth of 5-10 µm. This substrate is then spin-coated with polyimide solution (HD MicroSystems, PI 2525) and a glass cover slip is placed on the wet surface. This structure is then baked at 150°C for 30 minutes and subsequently at 350°C for another 30 minutes. The Silicon substrate is then peeled away from the glass cover slip and we obtain a patterned polyimide surface. In addition, flat layers of polyimide are obtained by spin-coating the precursor solution directly on the glass slide followed by baking. The overall process produces films that are between 1 and 4 µm thick.
METHODS
Microbeads are obtained from commercially available solutions (Bangs Labs 0.76 µm, no. PS03N in DI water). These solutions are diluted to assure a single sphere can be placed in the trapping region during the experiment. Between 1 and 5 µL of the desired solution is pipetted onto the polyimide surface. A square region is cut into a piece of double-sided tape (3M, no. 9589, 230 m thick), and this is used as a gasket to seal another glass coverslip on top of the polyimide surface providing a sealed chamber approximately 1 cm x 1 cm x 230 µm filled with the bead suspension. This assembly is then mounted onto a piezoelectric xyz stage (ThorLabs, MAX301) that can be controlled either manually or with a piezo controller for nanometer resolution.
FIGURE 1. Experimental Setup
Optical manipulation is accomplished with a continuous wave Nd:YVO 4 laser operating at 1064 nm. The beam is passed through an axicon lens (178 o cone angle) to create a Bessel beam which is then directed into the sample chamber. The beam is demagnified in order to obtain the desired spatial characteristics for trapping (~2 µm diameter central lobe). Typical trapping powers used are on the order of 1 -10 mW.
A frequency tripled 355 nm pulsed UV (t p ~ 15 ns) is used to create the surface features. This beam remains unfocused and is directed through the optically trapped bead as shown in the figure. Typical fluences used in this study are in the range of 15-20 mJ/cm 2 to produce modifications to the polyimide substrate. Using a predefined set of instructions, the piezo controller connected to the computer moves the stage under the bead in the desired pattern. A continuous pattern is produced by overlapping individual shots of the processing laser between successive points in the pattern.
The entire direct-write process is observed in real time with a 60x microscope objective and a standard CCD camera (Cohu 2622) with an IR filter. Before patterning begins, the bead is loaded into the trap by turning on the trapping laser and rastering the stage until a bead is located and pulled in. The dilute solution enables us to keep a single bead in the trap without other beads interrupting the process. Finally, the patterns are characterized by standard SEM and AFM methods. Figure 2 reproduces data from reference [6] in which we demonstrate the ability of the OTAN method to produce sub-micron features. As we can see in the image, the effect of the pulsed laser is to produce a nanoscale bump on the surface of polyimide. It has been established that UV laser radiation not only changes the topology of a polyimide film [14] , but can also change the chemical properties of the film's surface [15, 16] . In response, polyimide film can form a number of structures. For instance at 1064 nm 355 nm the lowest energies a stable bump forms [16] . We find the onset of this to occur at approximately 15 mJ/cm 2 . As the fluence is increased, at approximately 30 mJ/cm 2 the system will begin to form a bump with an ablation pit in the center. Taking a cross-section of the feature reveals the 100 nm feature sizes that are possible. We note The ability to easily and quickly fabricate sub-micron features is enabled by the self-position effect associated with OTAN [13] . Since no active feedback controls are needed, OTAN processing is suitable for nanoscale fabrication on non-traditional substrates such as soft, flexible polymers, or pre-structured surfaces. This point is described in the cartoon of figure 3 . Due to the self-positioning effect, when a bead encounters a step or other rough feature on the surface, it will naturally adjust its position such that it is at the same location relative to the surface. This means that a bead will glide along the surface and will easily climb over existing structure. Furthermore, since the spacing between the bead and the surface remains fixed, the second, processing laser can continue to fire, thereby creating uniform features on a rough or structured surface. We can experimentally verify this effect by imaging the microbead as it moves across a surface as shown in figure 4 . In this figure, a standard CCD camera is used to image the bead near the surface. As the bead moves in and out of focus on the camera, its apparent intensity will vary from light to dark. In this particular image, the darker intensity corresponds to a bead that has moved closer to the camera lens (i.e. moved up) whereas the brighter intensity corresponds to beads that have moved closer to the focal plane.
RESULTS
As one moves down the abscissa in the figure, we see individual snap shots of the bead. Note that the bead is moved at a constant rate and so these images are not evenly spaced in time. At the earliest time, the bead is located on the top left of a step that has been patterned onto the surface. As the bead moves toward the right, it appears to move down and then begins to climb again. This happens because the step itself is not flat owing to incomplete molding during the fabrication process. The actual structure of the step is more easily seen in the SEM images of figure 5. In these images the furrow along the top of the step that causes the observed bead motion is clearly visible. Eventually the bead reaches the edge of the step beyond which it quickly drops down to the base level where the surface is smooth. In this region, there is no significant change in the image intensity.
One question that is not addressed by the data in Figure 4 is whether the bead is being dragged along the surface or if it is actually gliding above the surface. Based on our measurements, we find that the Van der Waals interactions that cause bead sticking [11] are quite strong relative to the strength of the optical trap [12] . Therefore, once a bead is stuck to the surface, it not possible to drag using our particular optical trap.
A further demonstration that the bead is actually positioned some 10's of nm above the surface is to look at the ability to create patterns along this pre-structured surface. Figure 5 demonstrates this in the SEM images. As the bead is moved along the Time Position surface, the second, processing laser is fired with 50 nm overlap to create a continuous pattern that in this case is approximately 200 nm wide (FWHM). In this particular case, we have chosen a fluence value such that the result of laser processing is to create a bump on the surface and therefore the nanopattern is a ridge on top of the step approximately 50 nm tall. As we can see, the pattern is continuous across this rough surface with uniform feature sizes. A closer examination of the image near the edge of the step shows a limitation of this process. Although OTAN allows the microbead to glide over the step edge, along the steep edge, it is difficult to produce a raised pattern due to the high angle of the surface normal. Additional controlled studies are required to determine on how steep a surface OTAN can write.
Finally, given the relative insensitivity to surface features that is characteristic of the OTAN process, it is possible to parallelize the technique using multiple trapped microbeads [7] . Using beam splitters, we can create arrays of n x n Bessel beam optical traps, each of which can be loaded with a single bead. Since each individual bead is located the same distance above the surface, regardless of surface height, it is possible to use a single pulsed processing laser to produce n 2 spots at a single time. The result of multiple simultaneous optical traps is shown in figure 6 . Here we have created a 4x4 array of horseshoe patterns in polyimide. In order to produce this structure, we employ a 2x2 array of microbeads. Therefore, with a single processing laser pulse, we produce 4 spots and so in the amount of time it takes to make 4 individual horseshoe patterns, we produce all 16 of them. In real time, this particular pattern takes approximately 1 minute to produce although we have not optimized for speed. The ability to go to larger arrays is limited only the amount of power in the trapping laser and the ability to create multiple beamlets. The use of diffractive optics, spatial light modulators [17] , or time sharing techniques [18] allow for larger arrays and therefore even greater pattern throughput.
The potential accuracy for high-throughput parallelization can be inferred from the correlated deviations observed among the four quadrants of the image. All variations from the desired straight line pattern are similarly reproduced in the four quadrants indicating that these effects are caused by mechanical noise of the stage rather than an inherent limitation of the process itself. Based on prior work, we find the fundamental limit of Brownian motion to be about 15 nm in this particular case [13] but further refinement of the process should enable even better accuracy. The ability to vary the feature size is also shown in figure 6 . Here we see that the upper right quadrant appears to have larger features than the other ones. The reason for this is the use of a Gaussian shaped processing laser that has been positioned so that the upper right quadrant is closer to the center and therefore at a higher fluence value than the others. By adjusting the location of the centroid, relative feature sizes can be adjusted and optimized for a given application.
SUMMARY
We have demonstrated the use of optical trap assisted nanopatterning (OTAN) for producing sub-micron features on a surface in a laser based direct-write process. The near-field effects at the surface of a microbead are exploited using a Bessel beam optical trap to manipulate the bead close to the surface without sticking. The combination of this trap and the bead-surface interactions enable the bead to find an equilibrium position 10's of nm above the surface that is independent of large scale features. We have shown that using this approach allows the beads to be moved across the surface and over existing roughness without sticking. Structured polyimide surfaces with step heights greater than 1 m are used to show the patterning capability where we have produced 200 nm ridge features uniformly across the steps. Furthermore, the relative insensitivity to existing roughness or surface features enables the use of parallel arrays of optical traps to position multiple beads equidistant above the surface without the need for active feedback or control. Together, these results suggest OTAN processing as a viable approach for high-throughput nanomanufacturing on non-traditional surfaces.
